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illustrated, two volumes; “Elements of Palaeontology,” by 
Prof. Karl A. von Zittel, translated and edited by Dr. Charles 
R. Eastman, vol. i. (this English edition is revised and 
enlarged by the author and editor in collaboration with 
numerous specialists); “ Light, Visible and Invisible,” lectures 
delivered at the Royal Institution, by Prof. Silvanus P. 
Thompson, F.R.S., illustrated; “The Founders of Geology,” 
a series of lectures, by Sir Archibald Geikie, F.R.S, ; “ A 
System of Medicine,” by Many Writers, edited by Dr. Thomas 
Clifford Allbutt, F.R.S., vol. iv., containing diseases of the 
liver, of the pancreas, of the kidney, and of lymphatic and 
ductless glands, obesity, and diseases of the respiratory organs ; 
“Electro-Physiology,” by Prof. H. Biedermann, translated by 
Frances A. Welby, vol. ii. ; “ Infinitesimal Analysis,” by Prof. 
William Benjamin Smith, vol. i. Elementary ; “ On Laboratory 
Arts,” by Prof. Richard Threlfall; “Recent and Coming 
Eclipses,” by Sir Norman Lockyer, K.C.B., F.R.S., illus¬ 
trated ; “ The Sun’s Place in Nature,” by Sir Norman Lockyer, 
K.C.B., F.R.S., illustrated; “Physiography for Advanced 
Students,” by A. T. Sitnmons, illustrated ; “ The Pruning Book,” 
by L. H. Bailey (Garden Craft Series); “ Constipation,” by Dr. 
H. Illoway; “Entomology,” by Dr. A. S. Packard; “A 
Primer of Elementary Psychology,” by Prof. E. B. Titchener; 
“ American Insects, Weed : Wild Neighbours,” by E. Ingersoll ; 
“Travels in West Africa,” by Mary Kingsley, new and 
popular abridged edition; “ The Practitioner’s Handbook,” 
by Dr. J. Milner Foth^rgill, new edition, revised by Dr. 
W. Murrell. 

Messrs. Methuen and Co. announce:—“ Primaeval Scenes,” 
by Rev. H. N. Hutchinson, illustrated. 

The Rebman Publishing Co. Ltd., announce:—“The 
Diseases of Women : a Handbook for Students and Prac¬ 
titioners of Medicine,” by J. Bland Sutton and Dr, Arthur E. 
Giles, illustrated; “Injuries and Diseases of the Ear: being 
various papers on Otology,” by Macleod Yearsley. 

Messrs. L. Reeve and Co. have in preparation for serial 
issue:—Anew illustrated work on the “ Potamogetons of the 
British Isles,” by Alfred Fryer, illustrated; an illustrated 
“ Monograph of the Genus Teracolus,” by Miss E. M. Bowdler 
Sharpe ; also the final part and concluding volume of the “ Flora 
of British India,” by Sir Joseph Hooker, F.R.S. ; new parts of 
the “ FloraCapensis ”and the “Floraof Tropical Africa” ; and 
the fourth volume of C. G. Barrett’s “ Lepidoptera of the British 
Isles.” 

In Mr. Grant Richard’s list we notice:—“The Evolution of 
the Idea of God : Researches in the Origins of Religion,” by 
Grant Allen ; “The Subconscious Self in its Relation to Educa¬ 
tion and Health,” by Dr. Louis Waldstein. 

Messrs. Walter Scott, Ltd., will add to the Contemporary 
Science Series :—“Sleep: its Physiology, Pathology, Hygiene, 
and Psychology,” by Dr. Marie de Manaceine, with diagrams. 

Messrs. Swan Sonnenschein & Co., Ltd., promise:— 
“Ethics,” by Prof. W. Wundt, translated with the author’s 
permission from the second German edition, 3 vols., vol. i. 
Introduction: the Facts of the Moral Life, translated by 
Prof. Julia Gulliver and Prof. E. B. Titchener, vol. ii. Ethical 
Systems, translated by Prof. Margaret Floy Washburn, vol. iii. 
The Principles of Morality and the Sphere of their Validity, 
translated by Prof. E. B. Titchener; “ Physiological Psycho- 
logy,” by Prof. W. Wundt, translated by Prof. E. B. Titchener, 
illustrated, 2 vols.; “Practical Ethics,” by Prof. Henry Sidg- 
wick ; “ A History of Contemporary Philosophy,” by Prof. 
Friedrich Ueberweg, edited by Prof. Max Heinze, translated by 
William A. Hammond (forms a supplement to Erdmann’s 
“ History of Philosophy”); “A Student’s Text-book of 
Zoology,” by Adam Sedgwick, F.R.S., illustrated, 2 vols. ; 
“ Text-Book of Palaeontology for Zoological Students, by 
Theodore T. Groom, illustrated; “Text-Book of Embry- 
ology : Invertebrates,” by Drs. Korschelt and Heider, vol. ii. 
Crustacea and Arachnoids, translated by Mrs. Bernard with 
the assistance of Mrs. Woodward, illustrated; “Practical 
Plant Physiology,” by Prof. Wilhelm Detmer, translated by 
Prof. S. A. Moor ; “ Handbook of Practical Botany, for the 
Botanical Laboratory and Private Student,” by Prof. E. Stras- 
burger, edited by Prof. W. Hillhouse, new and revised edition, 
illustrated ; “Introduction to the Study of Organic Chemistry,” 
by John Wade, illustrated; “ Radiation,” by H. H. F. Hyndman ; 
“The Elements of Number,” Part v. Compound Rules applied 
to Weights and Measures, Length, Weight, Capacity, Time, 
Divisors and Multipliers not exceeding 99, by Edith A. Sonnen- 
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schein ; Young Collector Series: “ Fishes,” by the Rev. H. 
A. Macpherson ; “ Handbook of Grasses,” by W. Hutchinson, 
illustrated; “Mammalia,” by the Rev. H A. Macpherson; 
“Birds’ Eggs and Nests,” by W. C. J. Ruskin Butterfield; 
“ The Science and Art of Arithmetic,” by A. Sonnenschein 
and H. A. Nesbit, new edition ; “ The Dynamo : how made 
and how used,” by S. R. Bottone, a new edition, illustrated, 
and an Appendix on the Construction of a Six-Unit Dynamo. 

Messrs. Thacker and Co.’s list includes :—“ Infective Diseases 
of Animals,” by Captain M. H. Hayes, being Parti, of the 
translation of Friedberger and Frcehner’s “ Pathology of 
Domestic Animals,” translated and annotated by Captain M- 
H. Hayes, Dr. Newman, and others, in 2 vols. (sold 
separately). 

Mr. Fisher Unwin announces:—“Masters of Medicine,” 
edited by Dr. Ernest Hart, each with photogravure frontispiece ; 
vol. i. John Hunter, by Stephen Paget, vol. ii. William Harvey, 
by D’Arcy Power. 

Messrs. Warne and Co.’s forthcoming scientific books are r— 
“Favourite Flowers of Garden and Greenhouse,” and a new 
edition of Armatage’s “Cattle Doctor.” 

Messrs. Whittaker and Co.’s announcements include:— 
“ Central Station Electricity Supply,” by A. Gay and C. H. 
Yeaman ; “Alternating Currents of Electricity: a Practical 
Treatise upon their application to industries,” authorised trans¬ 
lation from the French of Loppe and Bouquet, by T. J. Moffett ; 
Prof. Reychler’s “ Les Theories Physico-Chimiques,” translated 
by Dr. Ferdinand Hurter ; “The Theory and Practice of Ana¬ 
lytical Electrolysis of Metals,” translated from the German of 
Dr. Bernard Neumann by J. B. C. Kershaw ; “ Whittaker’s 
Mechanical Engineer’s Pocket-Book,” by Philip J. Bjorling ; 
“The Inspection of Railway Material,” by G. R. Bodmer; 
“The Elements of Geography,” by Charles Bird; “Electric 
Lighting and Power Distribution,” by W. Perren Maycock, 
third edition, re-written, vol. ii. 


LONG RANGE TEMPERATURE AND 
PRESSURE VARIABLES IN PHYSICS . * 1 

Methods of Pyrometry. 

'"THE endeavour to provide suitable apparatus for high tem- 

1 perature measurement is one of long standing. The student 
of the subject is fairly overwhelmed with the variety of devices 
which have been proposed. There are few phenomena in physics 
which have not in some way or other been impressed into pyro- 
metric service, often indeed by methods of exquisite physical 
torture. I cannot, of course, even advert to many of these this 
afternoon, as my purpose will have to be restricted to such 
devices as have usefully survived. Thus a whole group of 
“intrinsic thermoscopes,” as Lord Kelvin calls them—apparatus 
in which some property of the substance is singled out for 
measurement—will be overlooked. Pyrometry will some day 
receive substantial aid from the phenomena of solid thermal ex¬ 
pansion, dear to the hearts of old Wedgwood, of Prof. Daniells, 
of the citoyen Guyton-Morveau, and recently to Prof. Nichols, 
Dr. Joly and others; but even the “ meldometer,” which has 
received Ramsay’s encouragement, and recent heroic attempts to 
measure the expansion of platinum, have not yet entered the 
arena to stay. 2 The same may be said of vapour pressure, 
ebullition and certain dissociations, of which the former is en¬ 
tirely too liberal in dispensing pressure, and the latter too negli¬ 
gent in readjusting it. Little has been done with heat conduc¬ 
tion regarded as subservient to the measurement of high 
temperatures ; little with colour and the spectrum, even though 
Draper and Langley in America, and many others elsewhere 
have paid tribute ; little with polarisation. The wave-length of 
sound has told Cagniard Latour and our own A. M. Mayer 
much about high temperature, but it did not tell them enough. 

Throughout the history of pyrometry, fusion seems to have 
come forward for journeyman duty. What is more convenient 
than to find whether the degree of red heat is too low or too 
high from the fusion of prepared alloys. As far back as 5828 
Prinsep, aware of the golden opportunity, with his air thermometer, 
determined the melting point of some equally sprecious alloys of 

1 An address delivered by Prof. Carl Earns, before the Section of Physics, 
at the Detroit Meeting of the American Association for the Advancement 

of Science, August 1897. 

2 Noteworthy attempts to replace mercury by a liquid potassio-sodium 
alloy in glass thermometers are among the novelties. 
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gold, silver and platinum, and determined them very well. Other 
alloys were afterwards substituted, and graded mixtures made of 
quartz, chalk, kaolin and felspar for the purpose. Efforts to ob¬ 
tain more accurate values are due to Becquerel, but the absolute 
values most widely used until quite recently, namely, the melting 
points of silver (958°), gold (1035 0 ), copper (1054°), palladium 
(1500°), platinum (1775 0 ), iridium (1950°), are due to the re¬ 
searches of Violle. 

Interest in high-temperature fusions has of recent date rather 
increased than abated. The demand for more accurate data has 
been met by the Reichsanstalt, and we have now a set of values 
for silver, copper, gold, nickel, palladium and platinum in terms 
of the air-thermometer standard of that institution. Data have 
also been supplied by Callendar, Among these values there is as 
yet considerable confusion, and the end is not yet. Long ago I 
suspected that the Violle melting points were probably too low, 
whereas the assumed zinc boiling point is probably too high. 
This surmise has been partially borne out by the Reichsanstalt, 
though Le Chatelier even now prefers Violle’s values. 1 

Thermoscopes based on a specific heat have an advantage over 
fusion thermoscopes in not being discontinuous. They are quite 
as “ intrinsic ” and much less convenient in practice. Guyton- 
Morveau at the beginning of the century pointed out the pyro¬ 
meter importance of specific heat, and a host of observers 
followed him. But the critical discussion of the subject is due 
to Pouillet (1836), who determined the thermal capacity of 
platinum between o° and 1200° absolutely, and found a value so 
nearly constant as to place this method of pyrometry in a very 
favourable light. Other observers followed with new data, and 
the bulk of our knowledge to-day is again due to Violle. Violle 
used Deville and Troost’s exhaustion air thermometer, and 
determined the law of variations of specific heat and temperature 
throughout a large pyrometric interval with a number of metals, 
silver, gold, copper, palladium, platinum, iridium among them. 
It was by prolonging this law as far as fusion that the melting 
points of the metals, to which I have already alluded, were 
obtained. This verges on extrapolation, but it is not extrapola¬ 
tion gone mad. 

The importance of calometric high temperature measurement 
has recently been accentuated in connection with the remarkable 
high temperature accomplishments of Moissan. Furnace 
temperatures in the case of such technological operations as are 
used in connection with iron, glass and porcelain manufacture, 
rarely exceed 1400°; except perhaps in the Bessemer process, 
where the temperatures are wont to exceed 16oo° and even 
reach 2000°. In Moissan’s furnace, which is essentially an 
electric arc enclosed by non-conducting lime, a totally new order 
of high temperatures is impressed. There was thus a call for at 
least an approximate measurement of their values which was 
answered by Violle, assuming that the specific heat of carbon 
above iooo° approaches a limit of 0*5 calorie. The sufficiency 
of this hypothesis is not unchallenged, however; for instance, 
Le Chatelier finds that, up to iooo°, the specific heat of carbon 
continually increases having no certain limit. Admitting Violle’s 
results, Moissan’s furnace temperatures exceed 2000° even at 
30 amperes and 55 volts ; at 360 amperes and 70 volts tin and 
zinc oxides melt and boil; they exceed 3000° at 500 amperes and 
70 volts, where lime melts, and often boils. Moissan, however, 
went as far as 1000 amperes at 50 volts. 

The striking novelty of Moissan’s work is rather of chemical 
interest, and a large part of it is so fresh in our memory that in 
view of Moissan’s valuable book (“ Le Four electrique,” par 
Henri Moissan ; Paris, Steinheil), I need merely glance at it 
A range of fusibilities, among which platinum lies lowest, while 
chromium, molybdenum, uranium, tungsten, vanadium, follow 
in order, and of ebullitions beginning with silica and zinc oxide, 
is rather breath-taking. Finally his structural investigations on 
the occurrence of carbon, and his long series of carbides, many 
of them commercially valuable, have staggered even the sensa¬ 
tional press. 

Leaving other intrinsic thermoscopes for the moment, I will 
ask your attention in this place to the development of the only 
fruitful method of absolute pyrometry which has yet been devised. 

1 The following table contains a brief summary : 


Ag. 

(Violle) <554 

(Barus) 986- 985 

(Callendar) 982 

(H. & W.) 971 

Au. 

1045 

109T-1093 

1037 

1072 

Cu, 

1054 

1096-1097 


1082 

Ni. 

—. 

1476-1517 


1484 

Pd. 

1500 

1585-1643 


1587 

Pt, 

1775 

1757-1855 


1780 
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I refer, of course, to th§ gas thermometer, or, in other words, to 
the manometric methods of measuring the thermal expansion of 
gases. Efforts have indeed been made to use gaseous viscosity 
for absolute high temperature work. It has been definitely 
pointed out, inasmuch as viscosity in gases is independent of 
pressure, while both viscosity and volume increase with temper¬ 
ature, that the transpiration rates of gases through capillary 
tubes of platinum glazed externally would necessarily be an 
exceedingly sensitive criterion of the variation of high tempera¬ 
tures. The small volume of the transpiration pyrometer as 
compared with the clumsy fragile bulb and appurtenances of the 
air thermometer is further to the point. But modern kinetics 
has as yet failed to fathom the law of variation of viscosity with 
temperature, and even the researches of O. E. Meyer in this 
direction do not seem to have quite touched bottom. Gaseous 
transpiration pyrometry is thus still much in the air, surveying 
the horizon of a glorious future. 

Returning from this digression to the air thermometer, we find 
the first thorough-going piece of high temperature work carried 
out by Prinsep {1829) by the aid of a reservoir of pure gold, to 
which I have already alluded. Prinsep’s manometer was filled 
with olive oil, and the volume issuing at constant pressures was 
found by the balance. In view of the pure olive oil, probably 
available in 1829, these experiments must have been comfortably 
appetising, and I dare say Prinsep’s good humour in the matter 
may have contributed to the remarkable excellence of his results. 
Prinsep’s researches were not superseded until Pouillet, in 1836,' 
published his paper on pyrometry. Pouillet constructed an air- 
thermometer bulb of platinum, and was thus able to reach the 
farthest pyrometric north of the day and long after. His results 
are many-sided ; they contain the first definite data in radiation 
pyrometry and in calometric pyrometry. His constant pressure 
manometer, afterwards further perfected by Regnault, is the best 
apparatus for the purpose to-day. Pouillet did not suspect, in¬ 
deed he remained quite unaware of, the permeability of platinum 
to furnace gases ; perhaps for this and other reasons he failed to 
detect the thermo-electric anomalies in the platinum-iron couple 
which he has so carefully calibrated. 

It was thus a great step in advance when Deville and Troost 
long after replaced platinum by glazed porcelain, availing them¬ 
selves (1857-60) of Dumas’ famous vapour density method for 
measuring temperature. Unfortunately for the rapid progress of 
pyrometry Deville and Troost used iodine vapour in their bulbs, 
a heavy gas indeed, but a gas, as was afterwards found, whose 
low temperature molecule dissociates at higher temperatures. 
Thus they unwittingly committed an even greater error than 
Pouillet in gliding over permeable platinum ; and their data for 
the boiling points of zinc and of cadmium were about ioo° 
too high. In fact these results were challenged not long after by 
Becquerel (1863), who had fallen heir to Pouillet’s platinum air 
thermometer, had used it to calibrate a platinum-palladium 
thermo-couple of his own, and had found data for the boiling 
points of zinc and cadmium upwards of no° below those of 
Deville and Troost. I cannot here enter upon the discussion 
which thereafter arose between these active observers, further 
than to state that in the course of it both parties frequently 
repeated their measurements (Becquerel even substituting a 
porcelain bulb for Pouillet’s thermometer) without removing 
the discrepancy between their values. 

Later researches have decided in favour of Becquerel’s results, 
and his original research, with its applications to fusion, to 
radiation, to thermo-electrics, &c., is one of the noteworthy 
accomplishments in the history of pyrometry. Nevertheless it 
must not be forgotten that to the investigation of Deville and 
Troost our knowledge of the perviousness of iron, platinum, and 
other metals to gases is due. We are also indebted to Deville 
for the great discovery of dissociation, the very phenomenon 
which he was here so loth to acknowledge. This is the case of 
a man stumbling in his own footprints. Victor Meyer was, I 
believe, the first to point out the probable dissociability of the 
iodine molecule, suggesting a fruitful subject of research which 
has since been extended to many other molecules. 

In 1863, Deville and Troost began a new series of high tem¬ 
perature researches, the feature of which is the perfected form 
of porcelain bulb. This was a hollow sphere and long capillary 
stem adapted for use with Regnault’s standard air thermometer. 
Great difficulties were encountered in the endeavour to glaze 
the bulbs within. They were finally overcome by making bulb 
and stem separately, and then soldering them together with felspar 
before the oxyhydrogen blow-pipe. Elaborate measurements 
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on the thermal expansion of Bayeux porcelain accompanied 
these researches which, undertaken together with M. Gosse of 
the Bayeux works, occupied them intermittently for about seven 
years. A full summary of their data did not appear, however, 
until 1880, when, together with a new vacuum method of high 
temperature air thermometry, they communicated the results of 
twenty-seven measurements on the boiling point of zinc. Their 
new results are in good accord with the data of Becquerel, already 
cited, and the more recent results of Violle and others for the 
same landmark in the region of high temperatures. Measure¬ 
ments between o° and 1500° had thus reached a degree of 
precision of about 15 0 in iooo°. 

The further development of pyrometry took a somewhat 
different direction. Regnault (1861) had already made use of a 
displacement method, in which the measuring gas is removed 
bodily into the measuring apparatus by an absorbable gas. But 
the method was independently revived by Prof. Crafts, of the 
Boston Institute of Technology. These methods are not of 
especial excellence below 1500' ; but above that temperature, 
when most solids tend to become viscous, their importance 
increases (as Crafts duly pointed out) in proportion to the 
rapidity with which the measuring operations can be completed. 
One or two minutes may suffice, and different gases may be tested 
consecutively. It is in this way that Victor Meyer and his 
pupils, after demonstrating the dissociation of iodine and chlorine 
molecules, succeeded in penetrating quantitatively to very much 
less accessible heights of temperature. A particular desideratum 
was a rigid test as to the stability of the molecule of the standard 
measuring gases (oxygen, hydrogen, nitrogen). The results 
were favourable inasmuch as for these and for many gases, like 
C 0 2 , S 0 2 , HCl, Hg, &c., the expansions obtained were linear 
functions of each other. 

In their final work, temperatures as high as 1700° were 
reached, the air thermometer for this purpose being tubular in 
form, consisting of very refractory fire-clay with an interior and 
exterior lining of platinum and with two end tubulures of 
platinum for influx and efflux of gases. Among many results of 
great chemical interest their researches showed that metallic 
vapours, phosphorus, sulphur, &c,, at high temperatures tend to 
pass into the monatomic or the diatomic molecular structure. 

Some time after (1887) a series of experiments furthering the 
line of research of Deville and Troost were made with a geologic 
aim in view in the laboratory of the U.S. Geological Survey. 
Finally, porcelain air thermometry was taken up with great 
vigour by the Reichsanstalt. These results, due to Holborn 
and Wien, are now almost exclusively quoted, and carry the 
stamp of the great institution from which they emanated. They 
have been wisely made commerically available by the deposition 
with Heraus in Hanau (Germany) of a platinum rhodium alloy 
definitely calibrated for a temperature range of 1400°. 

Apart from this, these researches contain no essential novelty 
except, perhaps, a. more detailed attempt to investigate the stem 
error of the thermometer bulb; their procedure otherwise is ident¬ 
ical with the method developed in America. I am not therefore 
inclined to yield to it the unhesitating deference which has become 
customary. There can be no doubt, in view of the splendid facili¬ 
ties due to the co-operation of the Royal Prussian Porcelain works 
—facilities which those who have been baffled by porcelain tech- 
nology, or have had to coax unwilling manufacturers into re¬ 
luctant compliance, will appreciate—that the data of the 
Reichsanstalt will eventually be standard. For the present, 
however, I should be more impressed by some sterling novelty 
either in the direction of a larger range of measurement, or of 
method. Conceding that an accuracy of 5 ° at iooo° has been 
reached, all results above 1500° remain none the less subject 
to increasingly hazardous surmise. 

A beautiful method of absolute thermometry, albeit as yet 
only partially developed, is due to Topler, In this the den¬ 
sities of communicating columns of gas are compared very much 
as in Dulong and Arago’s classical method for liquids, by the 
gravitation pressures which correspond to these unequally hot 
columns. To accomplish such extremely fine-pressure measure¬ 
ment, Topler invented the “ Druck libelle,” an inversion, as it 
were, of the common level, in which therefore the motion of 
the bubble (or of a thread of liquid) indicates a change of 
pressure conditioned by the invariable horizontality of the 
instrument. 

The development of the practical forms of continuous intrinsic 
thermoscopes (the radiation, the thermo-electric, and the electric 
resistance methods) went more or less hand in hand with the 
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development of the air thermometer, although the latter is de¬ 
cidedly the more recent. Aside from pioneering experiments of 
Miiller (1858) ard others, the well-known Siemens resistance 
pyrometer (1871) was the first instrument in the field. It was 
based upon data obtained from platinum, copper and iron, by 
the calometric method of calibration. This instrument has 
been remarkably perfected by Callendar and Griffiths, using 
specially pure platinum calibrated by comparison with the air 
thermometer as far as about 6oo°. Notwithstanding these 
improvements the resistance pyrometer is inferior in my judg¬ 
ment to the thermo-electric pyrometer on account of the greater 
bulk and fragility of the exposed parts, and the tendency of 
platinum to waste itself gradually at high temperatures. Its 
upper limit of temperature measurement is thus limited ; for even 
if the difficulty of selecting suitable terminals for the coil is set 
aside, the difficulty of finding an insulator at very high tempera¬ 
tures would remain. According to Holborn and Wien resist¬ 
ance is seriously subject to the influence of furnace gases, and 
permanence of the low temperature constants does not imply a 
like permanence of the high temperature constants of the metal. 

Radiation pyrometry, curiously enough, is the most vener¬ 
able method within the whole scope of the subject. It was 
introduced by Newton (1701) in his scala gradunm caloris, in 
connection with his well-known law of cooling. Not to 
mention minor workers, it was successively attacked and re¬ 
vived in most of the noteworthy high temperature investiga¬ 
tions. Pouillet and Draper have studied it ; Becquerel, Crova, 
Violle, Le Chatelier, Langley, Nichols, Paschen and others 
have advanced it. It remains to-day the most promising, as 
well as puzzlingly fascinating, subject for pyrometric research. 
One need merely advert to its broad scope in relation to the 
temperature of the heavenly bodies to acknowledge this. Here 
I can only allude to Becquerel’s principle that the radiation of 
opaque bodies is spectrometrically alike at the same temperature, 
a result which has Crova’s more recent assent; to Violle’s photo¬ 
metric measurements of the total emission of platinum ; to the 
more recent work in the same direction of Violle andLe Chatelier, 
in which consistent results were obtained for oxide of iron and 
platinum as far as 1500° to 1700°; to Stefan’s law, as proved by 
Boltzmann and the variety of discussion it has elicited ; to H. F. 
Weber’s collateral equation ; to the Johns Hopkins measure¬ 
ments, &c. Another school of observers, including Langley, 
Paschen, and others, has undertaken the promising but much 
more laborious method of bolometric measurement of the dis¬ 
tribution of spectrum energy in its relation to temperature. 
Without doubt, however, the whole subject is yet in primis 
rudimentis; the results are confessedly “ intrinsic .’* Indeed, 
vagueness in the nature of the radiating source lowers with 
sufficiently threatening aspect to chill the fondest hopes. When 
one is told by Violle, working on Mont Blanc, that the tempera¬ 
ture of the sun is 2500° ; thereupon by Rossetti that it is 9965°* 
by Le Chatelier that it is at least 7600°, by Paschen that it is 
below 5000°, by Wilson and Gray that it is 8000°, &c., one 
wisely concludes that more may yet be learned about it. Our 
sympathies naturally go with those who, like Lummer and 
Wien and the Johns Hopkins people, are beginning funda¬ 
mentally with the search for an absolutely black body. Less 
superstructure and more sub-cellar is perhaps the watchword in 
radiation pyrometry. 

Turning now to the last and most important of the methods of 
practical pyrometry, we find a curiously meandering evolution ap¬ 
parent. I have already indicated that Pouillet (1836) was the 
first to complete a legitimate piece of calibration work. Pouillet 
might have condemned the method, but for some reason Tail’s 
thermo-electric anomalies of red-hot iron were not detected. 
Regnault (1847), who was the next to take up the subject as it 
happened with the same couple, made this condemnation sweep¬ 
ing enough. It was not the real perversity of the platinum-iron 
couple which provoked Regnault, for of this neither he nor 
Pouillet became aware. Regnault’s objection (as we should put 
it to-day) lay in the fact that the thermo-couple obeyed Ohm’s 
law, which in that early day lay somewhat beyond the great 
physicist’s range of interest. Fortunately, but none the less long 
after, Becquerel followed with his palladium and divers platinum 
couples, carefully calibrated and efficiently used. What these 
platinum couples were is not stated. They cannot have been 
very sensitive, or they would have been preferred to the pal¬ 
ladium-platinum couple. Indeed, the metallurgy of platinum 
alloys did not reach a degree of refinement until Deville and 
Debray (1875) overhauled the chemical separation of platinum 
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metals with particular reference both to iridium and to rhodium. 
Recently Mylius and Forster at the Reichsanstalt further 
contributed to platinum metallurgy. But in view of the toils 
in which the whole subject of high temperature measurement 
languished in RecquerePs day, his results were not sufficient to 
remove the discredit which Regnault had thrown upon thermo¬ 
electric pyrometry. And so it happened that the return to the 
method in recent date was of the nature of a resuscitation. 

It is amusing to note, as we pass on, the pranks of custom as 
it bore down upon pyrometry. Following Deville and Troost, 
every worker (I might mention at least five) felt in duty bound 
to redetermine the boiling point of zinc—-rather a difficult feat 
in its way. Thus we find boiling zinc inseparably associated 
with the destiny of the calibrated thermo-couple. Le Chatelier 
broke this law of fateful sequence by ignoring the need of 
calibration at the outset, and then using the couple so dignified 
to determine the melting points of silver, gold, palladium and 
platinum. But these are Violle’s melting points. Hence the 
pyrometric feature of Le Chatelier’s platinum-rhodium couple 
was in its inception due to Violle. 

Meanwhile, accompanying the geologic inquiries of Clarence 
King, an extensive series of pyrometric investigations which had 
been in progress in the United States since 1882 were completed 
(1887). These contained a full examination of divers efficient 
methods of pyrometry and a study of the porcelain air-thermo¬ 
meter with particular reference to the calibration of thermo¬ 
couples. In the course of this work the admirable pyrometric 
qualities of the platinum-iridium alloy were exhibited by detailed 
and direct comparisons with the air thermometer. It was shown 
that the calibration could be made permanent by referring the 
thermo-electromotive forces to a Clark’s cell; that the character 
of their variation with temperature is uniformly regular, and that 
the thermal sensitiveness of the couples increases as the higher 
degrees of red and white heat are approached. Finally it was 
pointed out that couples destroyed by silicate corrosion, or in 
similar ways, could be restored by fusing over again on the lime 
hearth with merely negligible changes of constants. Elsewhere, 
Le Chatelier’s clever combination of the platinum-rhodium couple 
with the D’Arsonval galvanometer, then a comparatively new 
instrument in the laboratory, secured immediate favour. Prof. 
Roberts-Austen, ever on the watch to waft good things across 
the channel from Gaul into Albion, hailed the new-comer with 
no uncertain sound. Some time after, the platinum-rhodium 
couple entered Germany, and was there definitely calibrated 
(1892} for the first time, as already stated, at the Reichsanstalt. 

Of the three available couples, palladium, platinum-rhodium 
and platinum-iridium, the former is excluded from competition 
by reason of its low fusibility. Between platinum-iridium and 
platinum-rhodium, the latter has been more extensively adver¬ 
tised but is otherwise inferior to the older platinum-iridium alloy. 
In other words, platinum-iridium, when suitably alloyed, can be 
made more sensitive than platinum-rhodium in the ratio 100 to 
76. Beyond this the alloys are much alike ; both are tenacious, 
resilient, refractory metals, and their thermo-electric forces under 
like conditions of temperature show a constant ratio even at 
extreme white heats. The thermo-electric activity of these two 
alloys is exceedingly remarkable. Among over fifty different 
platinum alloys examined no similarly sensitive combinations 
were found. Moreover, whereas platinum alloys of extremely 
large electrical resistance are not unusual, such metals are not 
to be distinguished thermo-electrieally. 

To conclude : the small dimensions of the sensitive point of 
the thermo-couple, the independence of the intermediate temper¬ 
atures between the junctions (apart from small corrections due 
to the Thomson effect), and therefore the removal of the ter¬ 
minal difficulty, the high upper limit of the measurable temper¬ 
atures, the permanence of its constants in relation to Clark’s 
cell in the lapse of time, the instantaneity of its indications, the 
easy reproduction of destroyed couples, their relative insensitive¬ 
ness to furnace gases, the regular and simple character of the 
temperature function, the sustained sensitiveness throughout all 
temperature ranges even quite into the fusion of platinum—all 
these facts are a sufficient if not an overwhelming recommenda¬ 
tion of the method. 

In speaking of long range temperature variables, one is hardly 
permitted to overlook the remarkable work which has recently 
been done in the direction of low temperature; but with these 
subjects I am less familiar, and can therefore only refer to in 
passing. The progress made in the subject is sufficiently evi¬ 
denced by the growth of large low temperature laboratories 
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throughout the world, laboratories which undertake “ the cold 
storage” of “ cold storage,” as it were, like those of Pictet in 
Berlin and Paris, of Dewar in London, of Kamerlingh Onnes 
in Leyden, of Olszewski in Krakau, and others. Dewar and 
Fleming have added to our knowledge of the probable consti¬ 
tution of bodies at the absolute temperature. Olszewski has 
found the critical temperature of hydrogen'at-230° and its 
atmospheric boiling point at - 243°. Dewar and Moissan have 
liquefied fluorine. There is much here which I must reluc¬ 
tantly forego. The hydrogen thermometer,'the platinum balance 
(Callendar), and the thermo-couple are again doing excellent 
work in thermometry. 

Applications of Pyrometry. 

Turning now to the applications of recent pyrometry, we 
meet first many series of valuable data on melting points and 
similarly valuable data on the dissociation temperatures of 
chemical compounds. To these I merely refer, not being quali¬ 
fied to enter into chemical interpretations. High temperature 
boiling points have also been treated, and I will especially con¬ 
sider the case of the variation of metallic ebullition with pressure. 
The relation of vapour pressure to temperature has thus far 
defied the counsels of the wise, even though such men as 
Bertrand and Dupre have given the matter close scrutiny. One 
would suspect the simplest relation to hold for metallic boiling 
points* and investigations have therefore been undertaken in 
which the temperature of ebullition of Hg, Cd* Zn, Bi, were 
studied for pressures decreasing from one atmosphere down 
indefinitely. 

The results so obtained show an effect of pressure regularly 
more marked as the normal boiling point is higher, so that the 
attempt to express the phenomenon for all these bodies by a 
common equation is roughly successful. By far the most rapid 
reduction of boiling point occurs when the pressure decreases 
from X V atmosphere indefinitely. For the case in which the 
normal boiling point is to be predicted from a low pressure 
value in case of a metal which, like bismuth, boils with great 
difficulty, very high exhaustion is essential. 

Igneous fusion, by which I mean the fusion of rock-forming 
magmas, is particularly interesting in its relation to pressure. 
This has been again recently pointed out by Clarence King in 
his discussion of the age of the earth. If the earth is solid 
within, as is now generally admitted, such solidity can only result 
from superincumbent pressure withholding fusion. To study 
the relation of melting point to pressure directly is out of the 
question when white heat is the condition of fusion. In this 
respect the laboratory in the interior of the sun or even of the 
planets has some salient advantages ; but we cannot comfortably 
put such a laboratory under strict surveillance of protoplasm. 

Fortunately the Clapeyron equation, successively improved by 
James Thomson and by Clausius, is here usefully available. To 
measure the melting point, the difference of specific volumes of 
the solid and the liquid body and the latent heat of fusion at 
this temperature, with the aid of Joule’s equivalent, is to 
measure also the relation of melting point to pressure im¬ 
plicitly. Based on the first and second laws of thermo¬ 
dynamics, this equation is generally true, no matter what 
specific properties may characterise the body. The process has 
thus far been completely pushed through for diabase only. 
Thermal change of volume may be measured by enclosing the 
rock in a platinum tube of known expansion, and the contraction 
of the contents from liquid to solid found by an electric micro¬ 
meter probe reaching within the tube. Given a furnace fully 
under control, then, as experiment has shown, the cooling can be 
made to take place so slowly that platinum remains rigid rela¬ 
tively to its charge of red-hot magma, and under these con¬ 
ditions the contraction can actually be followed into the solid 
state. At the same time, the temperature at which marked 
change of volume occurs is the melting point. Apart from 
difficulties of manipulation, the latent heat may be found from 
measurement of thermal capacity on either side of the tempera¬ 
ture of fusion, by a modification of known methods. 

The rate at which fusion is retarded by pressure, computed 
from these data in the manner specified, showed an increase of 
the melting-point of a silicate of about 0*025° C. per super¬ 
incumbent atmosphere. But this datum falls within the margin 
(0*02 . . . o'04) of corresponding data much more easily and 
directly derived for organic bodies. One may therefore argue 
that if the melting-point pressure rate is so nearly constant on 
passing from the class of siliceous to the thoroughly different and 
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much more compressible class of organic bodies, the rate would 
probably be more nearly constant in the same body (siliceous or 
organic) changed only as to temperature and pressure. This 
surmise was verified for naphthalene within an interval of 2000 
atmospheres. 

The endeavour to interpret the change during fusion of the 
volume of the chemical elements in terms of the periodic system 
has been begun with much success by Max Topler for low tem¬ 
peratures. It would be of great interest to complete this 
diagram for high temperatures in view of the specifically 
molecular character of the fusion phenomenon, by repeating 
such experiments as have just been described for rock 
magmas. 

The heat conduction of rocks has been investigated in many 
cases for temperatures lying below red heat. Among recent 
observers we need only instance the extensive investigations of 
Ayrton and Perry. No trustworthy experiments, however, have 
yet been carried into the region of essentially high temperature ; 
and yet, what is chiefly of interest in the geological applications 
of such experiments is the change of conduction which accom¬ 
panies changes of physical state, whether induced by pressure or 
by temperature. 

Experiments in heat conduction are difficult under any cir¬ 
cumstances. They become insuperably so when conduction at 
white heat is to be studied under pressure, and that is what 
the geological conditions actually imply. Some notion of a 
body respectively solid and liquid at a given temperature 
may be obtained by observing the behaviour of bodies 
which are capable of being under-cooled. A number of such 
bodies are known, thymol being a conspicuous example. Ex¬ 
periments with this body were made by measuring the volume 
expansion, specific heat, and heat conduction in parallel series 
both for the solid and liquid state at like temperatures. They 
showed, for instance, that the increment of absolute heat con¬ 
duction, encountered in passing isothermally from the solid to 
the liquid state, when referred to solid conductivity is about 
13 per cent., and when referred to a liquid conductivity is about 
15 per cent. Similarly, the change of thermometric conductivity, 
under like conditions, is an increment of 36 per cent, and 56 per 
cent, respectively. Now, since in most questions relating to 
thermal flow thermometric conduction enters exclusively, the 
importance of this large coefficient is obvious whenever a body 
passes from the solid to the liquid state. 

Solid conduction is thus 40 or 50 per cent, in excess of liquid 
conductivity for the same body at the same temperature and 
pressure. It is reasonable to infer that a corresponding decre¬ 
ment of conduction will accompany any rise of temperature of 
a solid body. Measurements which have somewhat recently 
been made for relatively small intervals at Zurich, at Glasgow, 
and at Harvard upon typical rocks, all bear out this surmise. 
The immediate incentive to these experiments was a strong 
paper by Prof. Perry, in which Lord Kelvin’s estimate of the 
age of the earth is shown to be insufficient for an earth in which 
the interior conductivity is systematically greater than the sur¬ 
face conductivity. Indeed, he deduces the percentage increment 
of the square root of the age of a Perry earth over that of a 
Kelvin earth to be one-fifth of the percentage decrement of con¬ 
duction for each ioo° C. So far as the effect of terrestrial tem¬ 
perature alone is concerned, the measurements just mentioned 
show that Perry’s correction is negative or that Perry’s earth 
would be less long-lived than the 100 x 10 6 limit of years set 
by Lord Kelvin. 1 

To estimate the effect on heat conduction of the increase of 
pressure which accompanies the increase of temperature with 
the depth below the surface is a much more serious matter- In 
the laboratory, pressure experiments are limited to 3000 or 4000 
atmospheres ; compared with earth pressures, these scarcely 
amount to a scratch on the surface ; yet even for this limit the 
determination of heat conduction at high temperatures is out of 
the question. A tentative method of arriving at a conclusion is 
given by Clarence King in his discussion of the age of the earth, 
the consequences of which have been quite overlooked. What King 
endeavoured to accentuate, long before Perry’s contribution to the 
subject, was precisely the fact we cannot assume greater conduc¬ 
tivity for the interior than for the surface. Since heat conduc¬ 
tion decreases isothermally from solid to liquid, it was assumed 
that,.inoneand the same substance, the viscosity could be taken 
as an index of the thermal conduction. Therefore if tempera- 

1 The text of Kelvin’s recent address at the Victoria Institute, in which 
an age of thirty million years is maintained, has not yet reached me. 
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ture and pressure were made to vary in such a way (both in¬ 
creasing) as to leave viscosity constant, it was inferred that heat 
conduction would also remain constant. Now the isometrics 
or lines of constant viscosity of a viscous body for variable 
pressure and temperature are much more easily found than the 
isometrics of conduction. In fact, it has been shown that a 
burden of at least 200 atmospheres would have to be brought 
to bear in order to wipe out the decreased viscosity due to the 
rise of a single degree (Centigrade) of temperature. The 
depth at which this ratio is reached, as King points out, for 
a given surface gradient of temperature and depth, depends on 
the initial excess of the temperature of the earth considered, 
and on the age of the temperature distribution resulting. But no 
matter whether the Kelvin earth with an initial excess of 3900 
and an age of 100 x 10 5 years, or whether King’s solid earth 
with an initial temperature of fused platinum and 25 x io 6 
years of life, be taken—in all cases the temperature effect pre¬ 
dominates throughout those depths within which change of 
temperature with depth is the marked feature of the temperature 
distribution. In other words, if, for example, we consider the 
Kelvin earth, the strata above o ’035 of earth radius will be strata 
of smaller conduction than the surface strata. From the sur¬ 
face downwards as far as 0’035 radius, conduction will decrease to 
a minimum. Below this, conduction will increase again due to 
preponderating pressure, finally to exceed the surface value. But 
the computed temperature distribution of Kelvin’s earth is such 
that at '035 radius the initial temperature excess of 3900° has 
been reached to within 1 or 2 per cent. Below this in depth, 
Perry’s correction would begin to apply, but the further changes 
of temperature are so nearly negligible that the consideration 
of conduction is superfluous. From this point of view, there¬ 
fore, the staggering force of Perry’s clever argument is removed. 
Of course, I am fully aware that an argument from the supposed 
parallelism of physical properties of a given body (in the 
present case heat conduction and viscosity) is not inevitably 
convincing ; but in physical geology, for some time to come I 
dare say, the question will be not one of rigorous proof, but 
rather one of forming a rational opinion. 

In passing I will indicate the importance of an increased 
knowledge of the isometrics of liquid and solid matter, relations 
which have thus far been found simpler in character than other 
thermodynamic properties, as I shall again point out in the 
course of the address. 

I want, finally, to add a few words on the electro-chemistry 
of magmas. The physical chemistry of molten rock has 
already been somewhat extensively considered, but I am hardly 
competent to review it. In the United States, Joseph Iddings 
and, more recently, ‘George F. Becker have discussed the 
natural differentiation of magmas from different points of 
view. Here I will merely include certain pyrometric experi¬ 
ments on the electric conduction of fused glasses which seem 
to give promise of throwing light on the chemical constitution 
of complex silicates and to be suggestive in other ways. In 
such measurements, if the magma is made to pass from the solid 
to the liquid State, the observed electric conduction contains 
no evidence either of a melting point or of polymerism. The 
law of thermal variation is easily derived and it agrees closely 
with the corresponding behaviour of a zinc sulphate solution, for 
instance, observed through a range of temperature. In a 
general way, electric resistance decreases in geometric progres¬ 
sion when temperature increases in arithmetical progression. 
Considered relatively to the composition of the magmas, electric 
conduction shows a marked and regular increase with the 
degree of acidity of the magmas. The less fusible acid magmas 
are better conductors than the basic magmas at the same tem¬ 
perature. Curiously enough, conduction thus runs in an oppo¬ 
site direction to fusibility. However viscous a magma may be, 
therefore, and however cogent the arguments such as those 
launched by Becker against the differentiating importance of 
ordinary diffusion may prove, it is fair to conclude that a 
thorough change of chemical structure through ionic diffusion, 
whether directed by an electric field or otherwise, must be an 
easy possibility for a sufficiently hot, but otherwise solid, magma. 
The results point specifically to the desirability of repeating 
Hittorf’s brilliant experiments on the migration ot the ions for a 
siliceous medium. This ought not to be difficult, seeing that 
such a menstruum need not even be liquid to be compatible 
with a high order of electric conduction. 

Further consideration of the subject shows the probable pas¬ 
sage of conduction through a maximum when acidity is con- 
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tinually increased. Finally, quartz appears like an insulator-in the 
same rdle as water in ordinary aqueous solutions. In all these 
cases I wish to keep in mind the results of Alexeeff and their 
recent repetition for metallic alloys, together with the interpre¬ 
tation of these results due to Masson. In a crust subject to 
variable magnetism, traversed by earth currents, sustained by 
semi-metallic carbides of the Mendeleeff-Moisson type, contain¬ 
ing piezo-electric and thermo-electric sources, who can say that 
electric fields are absent ? Again, the character of the changes 
contemplated in Gibbs’s'famous “ phase rule,” as interpreted by 
Le Chatelier, would here be ionic rather than molecular, 

A question of somewhat allied interest is the action of hot 
water under pressure on rock-forming silicates. Investigations 
of this kind have been described in the well-known and fascina¬ 
ting book of Daubree. Daubree’s work, however, is qualitative 
in character, like that of many others in the same line, and the 
furtherance of the subject is to be looked for in the quantitative 
direction. Some time ago, Becker suggested experiments on 
a huge mass of granulated rock under the action of steam at 
exceptionally constant temperature. But no thermal effect 
of the action of water could be detected. True, the boiling 
point of water is a temperature relatively low for the purpose ; 
yet similar experiments made with liquid water at over 200° 
under pressure were equally negative as to results. Experi¬ 
ments of this kind are not very conclusive. The insufficient 
sensitiveness of the measuring apparatus, the rate at which 
heat is carried off compared with the rate of generation, and 
other obscure causes mar the results. The question may, how¬ 
ever, be approached in a somewhat different way: if water 
is heated under pressure in glass tubes, the volume of water 
contained decreases as the square, whereas the chemically 
active area, i.e. the inside surface of the tube, decreases as 
the first power of the diameter. Hence, in proportion as the 
tube is more capillary, the action of water on the glass will 
produce accentuated volume effects. Thus it was shown that 
the behaviour of hot water is profoundly modified by its con¬ 
tinued action on glass, inasmuch as its compressibility increases 
at a very rapid rate with the time of action even at i8o°, until, 
with the approach of solidification, the observed compressibility 
is fully three times its isothermal value at the inception of the 
experiment. Even more striking is the simultaneous and continual 
decrease of the length of the column of water. Clearly, therefore, 
the confined volumes of glass and included water must undergo 
contraction at i8o° in forming an eventually solid aqueous 
silicate, while increasing compressibility is due to the increasing 
quantity of silicate dissolved. Now, in nearly all cases the effect 
of solution is a decrease of compressibility. Hence the increased 
compressibility observed is to * be referred to a precipitation of 
the dissolved silicate, in response to the action of pressure, a 
result borne out by the appearance of the tube and by varied 
correlative experiments. It is, however, the volume contraction 
which is particularly interesting, because of its far-reaching 
geological application. In the first place, the measurements 
show that about *025 cubic cm. of liquid water is absorbed per 
square centimetre of glass surface at i8o° C. per hour. 1 The 
effect of this absorption is a contraction of bulk amounting to 
18 per cent, per hour. So large and rapid a contraction 
is presumably accompanied by the evolution of heat. Hence, 
under conditions given within the first five miles of the earth’s 
crust, i.e. if water at a temperature above 200° and under 
sufficient pressure to keep it liquid be so circumstanced that the 
heat produced cannot easily escape, the arrangement in question 
is virtually a furnace whose efficiency accelerates with rise of 
temperature or increase of terrestrial depth. 

PlEZOMETRY, 

It is not feasible to make much progress in pyrometry with¬ 
out feeling the need of a corresponding development in high 
pressure measurement. This has already appeared in the pre¬ 
ceding parts of my address. It will not be expedient to look 
into the history of the subject so comprehensively as I did in 
the case of pyrometry, partly because the literature is more 
diffuse, and partly because the real development of piezometry 
is of recent date and virtually begins with pressures of the order 
of several thousand atmospheres. So understood, although we 
gladly pay homage to Oersted, to Regnault, to Grassi and many 
others, our historical summary may be abridged. 

As is often the case in physics, the great advances in the 

1 This is an initial rate of about 180 kilograms per siuare metre per year. 
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subject are associated with the name of one man ; for though 
many able investigators have contributed effectively to the 
progress of piezometry, the overshadowing importance of the 
results of Amagat have superseded all researches coextensive 
with his own. For over twenty years Amagat has been labour¬ 
ing on this definitely circumscribed subject. Year after year 
his prolific experimental ingenuity has put forth results, each of 
which in its turn constituted the highest attainment in accuracy 
and the greatest breadth of scope which high-pressure measure¬ 
ment had reached at the time. It is impossible to give any 
adequate view of this sustained labour in an address. The 
subject is highly specialised and demands special treatment; 
but we owe to Amagat the bulk of our knowledge of the 
properties of a gas regarded not as an ideal fluid, but as a 
physical body; some of the most far-reaching results in the 
thermodynamics of liquids and some of the best data in the 
elastics of solids. 

Amagat investigated gases within an interval of pressure 
which at times reached 4000 atmospheres, with a view to 
interpreting their divergence from the laws of ideal gaseity. 
Indeed we may note in passing that, just as the advanced 
astronomy of the day is being enriched with unexpected dis¬ 
coveries from a discussion of mere errors of observation, so 
refined physical' measurement gleans new harvests in carefully 
tracing out the all but rigorous sufficiency of established laws. 
The product of pressure and volume, nearly constant in the 
ordinary isothermal behaviour of gas, shows, under higher 
pressures, a well-marked passage through a minimum in the 
case of all gases except hydrogen. Hence below a certain 
definite pressure, varying with the character of the body (say 
40 atm.), gases are more compressible than Boyle’s law asserts, 
and above this pressure they are continually less compressible 
and begin to resemble hydrogen in this respect. The sharp¬ 
ness of the minimum diminishes as temperature increases and 
probably ultimately vanishes. Cailletet, it is true, had 
undertaken a study of the same subject simultaneously, but 
his results were not in the same degree correct. Again, the 
coefficient of expansion of gases considered in its isopiestic 
behaviour for temperatures not too far above the critical point, 
increases with pressure to a maximum, which seems to occur at 
the same pressure for which the volume-pressure product is a 
minimum. This thermal maximum also decreases with tem¬ 
perature and finally vanishes. To specify the conditions 
further than this would be to exceed the limits beyond which 
verbal statement ceases to be lucid. The value of Amagat’s 
work, however, is not merely the formulation of such general 
laws for gases as a whole, but rather the investigation of sharp 
and specific results for each gas individually. Thus if one uses 
these data for a given gas to compute the constants in Van der 
Waal’s law, one is actually able to predict remote critical 
conditions of the gas in question with a fair degree of accuracy. 

Whenever pressure measurements are to be made through 
such large intervals as are here in question, the elastic 
constants of the apparatus become of increasing moment. 
Amagat, however, treated these incidental measurements as 
of like importance with the rest of his labours. The starting 
point of his investigation into high pressures was the open 
mercury manometer first erected along a staircase near Lyons, 
finally in the shaft of the St. Etienne Mine, about 380 metres 
deep. This apparatus was used for graduating the closed 
manometer, preferably containing nitrogen. In later experi¬ 
ments for excessively high pressures, the closed manometer was 
replaced by the “manometre a pistons fibres,” a sort of 
inverted Bramah press, in which the small pressures of an open 
mercury manometer acting on a large piston compensate the 
relatively large pressures of the piezometer acting on a small 
piston. The ingenious feature of Amagat’s apparatus is the 
rotation of both pistons just before measurement, a device by 
which friction is rendered harmless. Equipped with this instru¬ 
ment, direct determination of the bulk modulus for glass and 
metals was actually feasible. In the case of glass no serious 
variation of the compressibility could be ascertained within 2000 
atmospheres and even 200°, an observation of great value in 
practical research. Poisson’s ratio was similarly determined, and 
the data used in computing Young’s modulus. But the most 
important result of these researches, a result to which Prof, 
Tait also contributed, is the datum found for the absolute com¬ 
pressibility of mercury. This will enable all future observers in 
piezometry to standardise their apparatus with ease and nicety. 

Time prevents me from dwelling upon the remaining investi- 
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gations of Amagat in a measure commensurate with their value. 
These contain a counterpart for the liquid state of the results 
already announced for gases. The change of volume throughout 
enormous pressures and about 200° of temperature is considered 
in detail for a number of important liquids. Only in one case, 
and that the rather remarkable one of carbon tetrachloride, are 
evidences of solidification encountered, and the conditions 
determined. Amagat believes the absence of solidification to 
be due to the occurrence of the lower critical temperature below 
the isothermal of compression. In my own judgment, however, 
the pressures necessary to reach this lower critical point will be 
enormous even in units of 1000 atmospheres, for which reason 
it is not in any case liable to be an easy conquest. 

Special mention, finally, is due to the thermal position of the 
maximum density of water, which Tait had already studied. 
Amagat shows definitely that the temperature of maximum 
density moves towards the freezing point with increasing pres¬ 
sure, so that at high pressures, as well as at high temperatures, 
the behaviour of water loses its anomalous character. In 
general, compressibility and expansion decrease with pressure 
for all normal liquids, and expansion increases rapidly with 
temperature. Other anomalous properties of water have been 
investigated, among which the diminished viscosity of water 
under pressure at ordinary temperature, studied by Rontgen, 
Cohen and others, may be stated. 

After this cursory and wholly inadequate mention of the work 
of Amagat and the physicists who, like Tait, Cailletet and 
others, have been engaged in closely allied researches, it will 
repay us to look at some of the other as yet less splendidly de¬ 
veloped contributions to piezometry. At the outset it is well to 
make mention of the forms of pressure gauges which have come 
into use. As far as 1000 atmospheres, the Bourdon gauge, if 
well constructed, does good service, though in a somewhat 
rough way. The corrected nitrogen closed manometer is more 
accurate for a smaller range. A theoretically simpler pressure 
gauge was proposed by Tait and Cailletet. In this case a 
straight cylindrical elastic tube under internal or external pres¬ 
sure is substituted for the Bourdon tube, and the expansion or 
compression is directly measured. With due precautions against 
changes of temperature and the choice of a solid of constant 
bulk modulus and rigidity, this gauge can be used as far as about 
2000 atmospheres with convenience. 

Above 2000 atmospheres, Amagat’s Bramah press manometer, 
already mentioned,is the only trustworthy gauge, and though some¬ 
what cumbersome has the advantage of giving absolute results. 
However, a gauge based on the change of electric resistance of 
mercury with pressure, a constant now fairly well known from 
Palmer’s measurements, will in my judgment do good service 
for pressures which exceed even the range of the manometer. 
With regard to methods for producing high pressures, the force 
pump, with a small steel plunger and the screw advancing bodily 
into a closed barrel filled with a liquid, have not yet been 
superseded. The efficiency of such apparatus depends essen¬ 
tially on the means used for obviating leakage. These must, of 
course, be very perfect. 

Amagat’s work with liquids was extended chiefly in the 
direction of high pressures. Experiments have since been made 
by others throughout higher temperatures (310°), and of course 
a smaller range of pressures {500 atm.}. Leaving out the less 
perspicuous results, I will here merely allude to the probable 
existence of a remarkable law which these researches have de¬ 
veloped. Dupre (1869) and afterwards Levy (1878), reasoning 
from thermodynamic premises, were the first to suspect that the 
isometrics or lines of equal volume of liquids are straight. In 
other words, if there is to be no change of volume, then pres¬ 
sure increments must vary proportionately to the tem¬ 
perature increments (p — a 9 - b), a result which implies 
that the internal pressure of a body kept at constant volume 
is proportional to its temperature. Levy’s deduction 
was, however, declared to be theoretically unwarrantable by 
Clausius, Boltzmann and others. Some time after, the same 
law reappeared in experimental form in a series of brilliant re¬ 
searches on critical temperatures due to Ramsay and Young. 
Fitzgerald, reasoning from Ramsay and Young’s results, then 
proved that for such liquids as possessed straight isometrics, 
specific heat is a temperature function only, and energy and 
entropy are each expressible as the sum of a mere temperature 
function and a mere volume function. This is curiously like 
the position from which Dupre and Levy started. Ramsay and 
Young’s work, however, applied specifically to vapours, and for 
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high temperatures (200°) their pressures did not exceed 60 
atmospheres. The law has since beemtested for liquids as far as 
1500 atmospheres and over 200° conjointly, and found in reason¬ 
able accordance with experiment. Hence we infer that if the 
thermodynamic change of a body is such that volume remains 
constant, pressure and temperature will vary linearly with each 
other, the increments being about o*i° C. per atmosphere. Now, 
although any law relating to the liquid state would be welcome, 
these volume isometrics are particularly so. In the geology 
of the earth’s crust, for instance, they would in a great measure 
determine the conditions of possible convection ; and it is curious 
to note that from the known values of bulk modulus and of the 
expansion of solid glass, the isometrics would here again be 
given by corresponding inerementsof about o'i° per atmosphere. 
For solid metals the isometrics are of a different order. 

Another line of research for liquids to which I attach supreme 
importance has only just been begun : I refer to the systematic 
study of the entropy of liquids. Among the first results on the 
heat produced in suddenly compressing a liquid are those of 
Tait. They are of too limited a range, however, and not in 
good accord with the more recent and extended data of Galopin. 
Generally speaking, the change of temperature produced per 
atmosphere of compression increases with temperature in a 
marked degree, as one may infer from Kelvin’s equation. For 
organic bodies this increment at ordinary temperatures is of 
the order of -Jg- 0 — *020° per atmosphere. In case of liquid 
metals the order of values is decidedly different, being about 
T V this value, recalling correspondingly divergent results 
observed for the isometrics of volume. Quite recently (1896) 
the same subject has been taken up by Tammann (to whom 
we also owe results for the correlative compressibilty), 
particularly for solutions and with reference to the theory of 
solutions. Tammann’s data are of the order o ooi° per atmo¬ 
sphere at o°, and in better keeping with the thermodynamics 
of the subject than the earlier experiments. Much more, how¬ 
ever, must be done before anything like a degree of critical 
accuracy is approached or a broad survey taken. Pressure 
intervals are to be chosen wider, and the temperature measure¬ 
ment given with greater certainty. 

Finally, I wish to touch upon the relations of melting-point 
and pressure in their more recent development. Obviously 
the classical work of Andrews on the continuous passage of a 
liquid into the gaseous state will find some counterpart in the 
manner in which the analogous passage from the solid into the 
liquid state takes place. The character of these phenomena 
may be shown from direct observations of melting-point and 
pressure, as was done by the earlier observers. Full know¬ 
ledge, however, can be obtained only by mapping out the 
isothermals throughout the region of fusion very similarly 
to the method pursued by Andrews himself for vaporisa¬ 
tion. This has thus far been attempted for a single body 
only, naphthalene, within 130° and 2000 atmospheres. Six iso¬ 
therms (63°, 83°, 90°, ioo°, 117 0 , 130°) were traced within these 
intervals, along each of which, excepting the first, the body 
passed from the liquid to the solid state under the influence of 
pressure only. An exhibit of these data shows strikingly that 
in all cases the change of physical state takes place in accord¬ 
ance with a cyclic law; i.e. a larger pressure is necessary to 
change the body from the liquid to the solid state at a given 
temperature, than the pressure at which the body at the same 
temperature again spontaneously melts. Freezing almost always 
seems to take place at once ; the corresponding fusion is apt to 
be prolonged, and in its gradual occurrence traces the contours 
of James Thomson’s well-known doubly-inflected isothermals 
much more fully than does the allied case of vaporisation. 

The appearance of the cyclic parts of these isothermals is 
suggestive, and may be described in terms of their dimensions 
in the direction of volume and of pressure respectively. 
The former dimensions indicate the probable fate of the 
volume increment. They show that as pressure and tempera¬ 
ture increase, the volume increment tends more and more 
fully to vanish, and they thus imply a lower critical tem¬ 
perature at which the solid would change into the liquid 
continuously as far as volume is concerned. It does not fol¬ 
low that other properties of the body would here also vary con¬ 
tinuously. For naphthalene this point would lie in a region of 
several thousand atmospheres, and several hundred degrees 
Centigrade—therefore in a region too remote to admit of actual 
approach. 

Again, the breadth of the cycles, measured along the pressure 
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axis, decreases from the centre of the field both in the direction 
of increasing and decreasing pressures. The tenour of these re¬ 
sults is an additional indication of the recurrence of a lower 
critical temperature at which cycles must necessarily vanish. 
The decrease of the breadth of the cycles in the direction of de¬ 
creasing pressures suggests the possible occurrence of a point in 
the region of negative external pressure, so circumstanced that 
beyond it the substance would solidify at a lower pressure than 
that at which it fuses. This may be interpreted as follows : 
the normal type of fusion changes continuously into the ice- 
type of fusion through a transitional type characterised by the 
absence of volume lag. 

An independent discussion, more searching in character, has 
quite recently been given by Tammann. Tammann points out 
that for the normal case of fusion and for increasing pressure, 
the two determinative factors of the Clapeyron equation—the 
volumes and latent heat of fusion—will not in general simul¬ 
taneously become and remain zero. He argues that the volume 
constant will at the outset decrease with pressure passing through 
zero to negative values. Hence the curve representing the rela¬ 
tion of melting-point to pressure must initially rise to a maximum 
when the melting-point pressure ratio is zero, and then decrease. 
Contemporaneously the. latent heat of fusion, decreasing con¬ 
tinually with pressure, eventually also reaches zero, but at a 
much later stage than the volume constant. At this stage, 
therefore, since melting-point and the volume constant now have 
definite values (the latter negative), the melting-point and pres¬ 
sure ratio is negatively infinite. Hence the curve expressing 
the relation of melting-point to pressure decreases with increasing 
pressure from the maximum specified as far as the pressure at 
which latent heat is zero, and there drops vertically downwards. 
Thus Tammann’s melting-point pressure curve, with its initial 
and final ordinate in the direction of temperature, maps out a 
field of pressure and temperature, within which the body 
is solid. Outside of this region the body is liquid, and 
cannot by pressure alone be conceivably converted into 
the solid state. Any thermodynamic change involving a 
march through the boundary of- this region is accom¬ 
panied by the discontinuity of fusion, of viscosity, &c. A 
march through the final ordinate (for which latent heat is zero) 
is probably not accompanied by such discontinuity. For a 
given temperature there may be two fusion pressures. At a 
temperature sufficiently below the melting-point, the continued 
increase of pressure should therefore move the normally fusing 
body from the solid into the liquid state continuously. This is 
a somewhat anomalous result of close reasoning ; but it must not 
be forgotten that in the depth of our ignorance of the actual 
occurrences above several thousand atmospheres, the term 
anomaly is a misnomer. Indeed, if we regard the melting- 
pressure curve beyond the stated maximum as characterising 
the ice-type of fusion (which Tammann does not do), our diffi¬ 
culties would in a measure be reconciled. 

Tammann finally points out that the term lower critical 
temperature is not justified by the character of the phe¬ 
nomenon. Data for melting-point and pressure, due to 
Damien, seem directly to corroborate the occurrence of 
zero values in the ratio of melting-point and pressure in¬ 
crements, but Damien’s tests are restricted to a pressure in¬ 
terval much too small to be trustworthy. Of the two bodies 
which have been tested throughout long-pressure intervals, 
naphthalene shows a linear melting-point and pressure ratio for 
2000 atmospheres, while the carbon tetrachloride of Amagat, 
though initially concave upwards, soon also becomes linear. 
Clarence King has therefore, in geological considerations, so re¬ 
presented it. To conform with Tammann’s inferences the 
interior of the earth would have to be a fluid. 

One point of issue, however, in these cases is clear: at 
Andrews’ critical temperature both the difference of specific 
volumes and the latent heat of fusion vanish simultaneously 
wherever observed. Under corresponding conditions of change 
from liquid to solid, the internal pressures are of tremendously 
greater value for both states, and the passage of the solid into 
the liquid molecule may involve an immense transfer of energy 
without any corresponding change of volume : for the density 
of the molecule itself eludes observation. The manner of this 
isothermal change from one state to the next is in all cases along 
the characteristic doubly inflected contour first pointed out by 
Thomson for vapours, and since elaborated by Van der Waals, 
Clausius and others. We may for brevity call this a volume lag , 
and measure it in terms of the pressure or the volume interval 

NO. 1457, VOL. 56] 


subtended. The liquid can exist even above the critical tempera¬ 
ture, which would mean that even here pressuremust be reduped 
below the critical pressure in order to rupture the liquid molecule. 

Pronounced as these phenomena are for the change from gas 
to liquid, they become much more remarkable, indeed often 
formidable, for the change from liquid to solid. In this case a 
volume lag subtending more than 100 <atmospheres is the rule ; 
in other words, it takes a much greater pressure to solidify a 
liquid at a given temperature than to liquefy the solid. Among 
all these cases there is a group of well-known bodies in which, 
while the solidification pressure is of marked intensity, the iso¬ 
thermal pressure of spontaneous fusion may even be below zerp, 
or be in the region of negative pressure. Take the single 
example of thymol, among many: this body between zero 
Centigrade and its melting point at 53 0 , can be kept in either 
the solid or the liquid state at pleasure. Given at about 50° 
in the liquid state it would require more than 2000 atmospheres 
to solidify it. If solid, it must obviously remain so even if 
pressure be wholly removed. But thymol may be similarly 
treated, beginning with the under-cooled liquid state at 28°, ue. 
25 0 below its melting point. Even here at least one thousand 
atmospheres are needed to condense it (400 have been tried quite 
ineffectually). Once solid, it would require about 1000 atmo¬ 
spheres of negative external pressure again to melt it. In other 
words, it could not be melted again on the same isothermal. 

If we but knew more about the physical constants involved in 
these transformations, we could predict the results along the 
lines of J. W. Gibbs’s splendid theory of the equilibrium of 
heterogeneous mixtures; but with the dearth of our concrete 
knowledge of long range physical phenomena relating to liquids 
and solids, we must be content with humbler methods. 

I have always regarded the significant behaviour, instanced for 
the case of thymol, as capable of a broad interpretation. Profs. 
J. J. Thomson and Fitzgerald in the British Isles, and Elihu 
Thomson in America, have recently sought for atomic dissocia¬ 
tion in the electrolysed vacuum of a Crookes’ tube. Speaking 
to the same point, I would venture to assert that we may 
reasonably look to the volume lag for a rational account 
of the genesis of atoms. We have already met with 
two orders of volume lag : the first at the mergence 
of gas into liquid being usually a few atmospheres in iso¬ 
thermal value ; the second at the mergence of liquids into solid, a 
hundred or even one thousand times as large in isothermal value, 
and characterised by the fact that, whereas freezing pressures 
may be enormous, the corresponding isothermal melting pres¬ 
sure may even be markedly negative. 

If then we further inquire as to what will happen if we in¬ 
definitely compress the solid along a suitable isothermal, I think 
it is logically presumable that, with the succeeding and pro¬ 
foundly accentuated volume lag, we shall reach the next atom 
in a scale of increasing atomic weights. 

However enormous the condensation pressure for this purpose 
may be, it is supposable, in the light of the examples already 
given that, along an accessible isothermal, the disintegrating 
external pressure of the new atom may be permanently negative. 
Hence the new atom will persist within the pressure and 
temperature range available in the laboratory. 

But the last stage is virtually identical with the first, or the 
inherent nature of these changes is periodic. The inference is 
therefore that, under suitable thermal conditions and continually 
increasing pressure, the evolution of atoms, of molecules, of 
changes of physical state, again of atoms and so on indefinitely, 
are successive stages of periodically recurring volume lag. 


UNIVERSITY AND EDUCATIONAL 
INTELLIGENCE ,. 

The Rev. A. M. Fairbairn, Principal of Mansfield College, 
Oxford, will distribute the prizes to the successful students of 
St. Thomas’s Hospital on Saturday, October 2, at 3 p.m., in 
the Governors 5 Hall. 

Prof. Robert G. Aitken and Mr. W. H. Wright have 
been appointed assistant astronomers at the Lick Observatory. 

A new centre of the London County Council Technical 
Education Classes will be opened next Monday evening, 
October 4, at the Charterhouse and Rogers’ Memorial Institute, 
Goswell Road, E.C. The committee of the school announce 
that workmen’s classes in workshop arithmetic, workshop 
chemistry and physics, workshop drawing and mechanics will 
be conducted. 
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